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Diffraction Patterns Produced by Finite
Amplitude Waves

M. A, BrEazeALk AND 1. A, IHIEDEMANN

Deparement of Physics, Michigan State U niversity,
Last Lansing, Michigan

(Recetved Febrnary 6, 1961)

Pictures are given which illustrate in detall the optical cflects
vraduced by ultrasonic waves of finite amplitude in liquids. These
cffecta can be used for the analysis of the wave form.

TI{E theory of the diffraction of light by an ultrasonic wave
given by Raman and Nath! has been extended by Zankel
and Hiedemann? to the diffraction by distorted finite amplitude
waves. They give both theorctical and experimental results in the
form of plotg of the intensity of the first-, second-, and third-
diflraction orders as a function of the Raman-Nath parameter
v=2xpul./\ for various distances. From these curves one can see
that the intensities of the diffracted orders pass through maxima
and minima, going to zero at certain v values. The way in which
the intensitics of the various orders change with sound intensity
and wave form can be scen even more readily from photographs
of the diffraction patterns. Photographs showing the intensity
distribution in the diffraction orders at difierent ultrasonic
intensitics for sinusoidal waves have been given Ly Nomoto.?
Photographs of the images produced by finite amplitude waves,
using both wide and narrow light beams, will be presented here.
Since the distortion in a finite amplitude wave increases with

Sound path -

both ultrasonic intensity and distance from & sinusoidally vibrat-
ing transducer, the asymmectry of a diffraction pattern, formed
when collimated light passes through the wave, increascs both with
ultrasonic intensity and with distance from the source. ‘This can
be seen in Fig. 1. The distances from a 1.76-Mc 6-cm diam quartz
transducer arc given at the top. The values V given at the left are
values of the Raman-Nath parameter v=2rul/N. For thig
transducer the valuc v=7.5 corresponds roughly to a pressurc
amplitude at the transducer of 1 atm.

"The picturcs in the first column were minde for those values of
pressure amplitude which gave allernately zeros of intensity in the
zero- and first-diffraction orders. ‘The pictures in the second and
third column were made at the same initial pressure amplitudes.
It can he scen that because of distortion and of absorption of the
wave Lhe zeros of intensity are no longer necessarily in the same
orders. "The zeros of the dilfracted orders arc asymmetrical, as are
the intensity maxima. The positions of the maxima at the edges of

36 cmy

3 20
oo - - - —
, :
7.0
LN s

miensit,

--> nad

-.‘_

N 1
M
NN
N0
N
0 R
W0

1916, 1, Light diffraction by ultrasonic waves in water, I =1.70 Me,
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1716, 2. “Narrow beam diffraction” by ultrasonic waves in water, F =176 Mc. W =3/2,

the pattern are also determined by the wave form. Mikhailov and
Shutilov?! have developed & method for inferring the ultrasonic
wave form from the positions of these maxima,

Pictures of the diffraction patterns produced by distorted
ultrasonic waves have been given by Mikhailov and Shutilov.$—¢
The way the zeros of light intensity vary with ultrasonic intensity
is not obvious in their photographs because of the high ultrasonic
intensitics used. Minima of intensily are visible in Fig. 3 of
Shutilov.?

A homogenceous portion of the ultrasonic beam was used in these
experiments in order (o securc zeros of intensity in the diffraction
pattern. This was accomplished by making the cross section of the
light heam ~3 mm in diam,

I the light beam width is less than one ultrasonic wave length,
discrete diffraction patterns are no longer formed. The image
appears broadened, If the ultrasonic wave is distorted the
broadened image is asymmetrical, the more intense side of the
image being closer to the undeflected position and on the side of
the optical axis opposite the ultrasonic sourced; i.c., the dircction
of propagation of ultrasound is from left to right in hoth Figs. 1
and 2, Broadened images arc shown in Tig. 2 for conditions identi-
cal with those for ¥ig. 1, with a light beam width equal to half the

ultrasonic wavelength. The theory of narrow beam diffraction and
its experimental verification have heen given by Hargrove, Zankel,
and Hiedemann® The width of the patterns is the same as that of
the corresponding difiraction patterns in Iig. 1. These images can
be thought of as “smeared out” images of the discrete diffraction
patterns, although the light intensity daes not go to zero within
the pattern, To sccure such zeros without dliserete orders, the
light beam width should be between one-half and one ultrasonic
wavclength. Such patterns, praduced by sinusoidal waves are
given by Breazeale and Hiedemann, 10
V. Raman and N. 8 Nﬂth [’roc Indian Acad. Scl. 2, 406 (1935);
2, 4\1 (i935); 3, 78 (101(.) 119 (1036},
1§, 1. Zankel 'm(l I, mcdcmunn, 1. Acoust, Soc. Am. 31 44 (1959),

'O Nomom. Proc, l'hys Mﬂlll Soc. jmnn (3] 22, 314 (i940).
(1058) . Mikhailov and V. A. Shutilov, Soviet Phys —Acoustlcs 4, 174

“"I G. Mikhailov and V. A. Studlov, Soviet Phys.—Acoustics 3, 217

(1;51 )G. Mikhailov and V., A, Shutilov, Soviet Phys.—Acoustics 8§, 75
7V, A, Shutilov, Sovict Phiys.—Acoustics, 5, 230 (1959),

(WM A. Breazeale and I£, A, Hiedemann, J. Acoust, Soe, A, 30, 751

9 L, 1. Hargrove, K, L, Zankel, and 1%, A, Hicdemann, J. Acoust. Soc.
Am 31 1366 (1959).
( SM). A. Breazeale and 18, A, MMedemann, J, Acoust, Soc. Am, 31, 24
1959).




ACUSTICA

S. HIRZEL VERLAG - STUTTGART

Vol. 10

1960

LIGHT DIFFRACTION BY PROGRESSIVE ULTRASONIC

WAVES IN PLEXIGLAS*
by W. G. Maver and E. A. Hirpraany
Physics Department Michigan State University, East Lansing, Michigan, U.S.A.

Summary

The optical grating produced by a progressive ultrasonic wave in Plexiglas is used to
verify directly the Raman-Nath theory for solids after it is shown that no finite amplitude
distortion of the waveform is present. The absorption coefficient is determined by evaluating
the diffraction pattern.

Zusammenfassung

Das von einer fortschreitenden Ultraschallwelle in Plexiglas erzeugte optische Gitter wird
zum dirckten Beweis der Raman-Nathschen Theorie fiir Festkdrper benutzt, nachdem gezeigt
wird, daB keine Aufsteilung der Wellenform durch endliche Amplituden festzustellen ist. Der
Absorptionskoeffizient wird durch Auswertung von Beugungsspektren bestimmt.

Sommaire

Pour vérifier direclement la théoric de Raman-Nath sur les solides, on utilisé le reséau
optique produit par une onde ultrasonore progressive dans le plexiglas, aprés avoir démonté
quaucuns distertion finie do la forme d’onde n’est présente. Le coefficient d’absorption est

detérminé par Iévaluation des speetres de diffraction.

1. Introduction

The theory of Raman and Narn [1] predicts that
the light intensity in the n'" order of a diflraction
pattern produced by a progressive ultrasonic wave

is given by s

1, <L), (N
where J, is the nt' order Bessel function of argu-
ment v, The parameter » is given by

v—2gpLiA. (2)

Here L is the path length of the light in the ultra-
sonie beam, g the maximum change of index of
refraction, and 4 the wavelength of the light,
Sannrs | 2], Nostoro [3] and others have found
sitisfaclory agreement hetween the results of their
experimental work in liquids and eq. (1), However,
thete are some minor discrepancies between the
measured values and the theoretical eurves, Some of
these deviations may be explained in the light of
recent experiments by Zarespo, Krastizicov and
Sukrovacaia-Kornt [ and Zassen and Hispesany
3] who showed that the presence of higher har-
monie components in an originglly sinusoidal ultra-
sonic wave will not only cause asymmeltries in the
light distribution of the dilfraction pattern but will
also shiflt the maxima and minima of a dilfraction
arder to other vidues of ¢ than predicted by eq. (1),
Sinee finite amplitude distortions (secomt harmo-
nies) are commonly present in the ranges where
weasurements are normally made, the slight dis-
* This work was supported by the Office of Naval

Research, U8, Navy, and by the National Science
Foundation, Grant NSF.6 0318,

agreement between theory and measured values in
some liquids may be attributed to this effect. Fur-
thermore, using a liquid with moderate absorption,
it is more difficult to produce a pure progressive
wave than was realized in some carly investigations.
Reflected waves will tend to influence the light in-
tensity distribution of the diffraction pattern.

2. Procedure

The Rasan-Narir theory was verified indirvectly
for solids by the work of MurLier [6], [7] dealing
with clasto-optical constants, Direct verifications of
the light intensity distribution in the diffraction
pattern were reported only Tor liquids, In solids like
glasses and transparent crystals only the eflects of
stationary waves were observed on account of the
small sound absorption in these substances. Provz-
MaN [8] used the spacing of the diffraction pattern
produced hy ultrasonic waves to measure the sound
veloeity in Plesiglas where the absorption s very
high as reported by Mason and McSkmun [9].
Plexiglas should therefore be useful for the study
of the diffeaction pattern produced by a progressive
wave in a solid; the high absorption coefficient
mahes it possible to exelude reflected waves, In the
experiment deseribed here a block of Plexiglas is
used which has the dimensions 10em - 20em 2 60 em.
Considering the value ol absorption given hy Masoy
and MeSknnx. 2 5 dB/em for 2.5 Mefs, one sees
that an ultrasonic wave of that frequency travelling
in the direction of the longest dimension of the block
will return to the transducer attenuated by several
hundred dB.
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Diffraction of Light by Ultrasonic Waves of Various Standing Wave Ratios*

B. D, Cooxt ann E, A, HIEDEMANN
Depariment of Physics, Michigan Slate University, Fast Lansing, Michigan

{Received January 16, 1961)

The theory for the diffraction of light Ly planc ultrasonic waves of vatious standing wave ratios is derived.
‘The liquid medium disturbed by the ultrasound is considered to act as an optical phase grating, By
cvaluating the difiraction integral for the light amplitude, expressions for the Doppler shift, the time
dependlent, and the time average light intensities are found for the diffraction spectrum, Fxperimental
measurements using two adjacent ultrasenic waves progressing in opposite directions to simulate the
desired optical phase grating indicate that the theory is valid.

INTRODUCTION

HE previous studies of the difitaction of light by

ultrasound havc considered two extreme cases:

the progressive wave and the stationary wave. In this

investigation the simplified Raman and Nath theory

is extended to the diffraction of light by ultrasound of
various standing wave ratios,

The simplified theory of Raman and Nath! considers
the medium to act as an optical phase grating and
assumes that there is no amplitude modulation of the
light wavefront cmerging from the ultrasound. For
progressive and stationary waves this theory is success-
ful in predicting not only the separation and intensities
of the diffiracted orders but also the Doppler shift of
the diffracted light. Other theoretical considerations
have shown that the simplified theory is valid over a
wide range of experimental conditions.

For both progressive and stationary waves Sanders?
experimentally confirmed the light intensitics given by
the Raman and Nath thcory. Debye, Sack, and
Coulon® first experimentally detected the Doppler
shift. By using magnetic detuning of the mercury
resonance line, Ali! has directly measured the Doppler
shift for progressive waves,

The light intensity in the diffracted orders is also
time dependent for standing waves of finite standing
wave ratio (SWR). These orders can be used as a
light source for a stroboscope. ‘Therefore, to fully
understand the principles of the ultrasonic modulation
stroboscope, it is necessary to understand how light is
diffracted by ultrasonic waves of various SWR,

A two-transducer method is used to produce an
opfical grating corresponding to one produced by a
stationary wave, The light is diffracted successively
by two adjacent, oppositely ditected sound beams,
Others®™ have used this method Lo some success.

*This research was supported by the Office of Ordnance
Rescarch, U. S, Army, and by the Office of Naval Rescarch.

T National Science Foundation Cooperative Fellow.

1OV, Raman amnd NL S, Nath, Proc, Indian Acad. Sci. A2, 100
(1035); 3, 75 (1030),

T 1. Sanders, Can, J. Research (A) 14, 138 (1930,

3P, Debye, H. Sack, and . Coulon, Compt. rend. 198, 922
(1934),

1L AL, Helv, Phys. Acta 9, 63 (19036),

5 R, Bir, Hely, Phys Acta, 9, 678 (1930).

A Pande, M. Pancholy, and 8 Parthasarathy, f. S Tod,
Research 3, 64 (1944,

7\ Giacomini, Ricerea Sei. 18, ROR (1048,

Recently, Mertens® has theoretically given the criteria
for the conditions under which successive diffraction
by two sound beams is the same as simultancous
diffraction.

THEORY

The simplified Raman and Nath theory cvaluates a
diffraction integral for a phase grating. For a collimated
monochromatic light beam of width 2D at normal
incidence to an infinite transmission phase grating, the
anmplitude distributign of the diffracted light is given

by >

A(8)=Ce'* f exp{iQude+o(x,) Y dy, (1)

b )

where #=27/X and I=sind. A is the wavelength of the
light, w is the angular frequency of the light, and 8 is
the angle at which the light is diffracted ; C is a normal-
ization constant. The {term »(yf) is a dimensionless
parameter describing the optical phase grating in space
and time.

'This parameter (/) is related to the instantancous
sound pressure through the change of index of refrac-
tion, For plane ultrasonic waves of instantaneous
pressure p(x,0),

v(x,0)= 2 lx/N)p(x,1), 2)

where x is the piezo-optic constant for the medium and
L is the width of the sound beam.

"The instantancous pressure in a sinusoidal standing
wave may be written as

P, = p sin(w*I—k*5)+ (p/a) sin(w*i+k*), (3)

where o* and &* arc the acoustic angular frequency
and wave constant, respectively, The quantity e is the
standing wave ratio (SWR), i.c., the ratio of the
amplitude of the incident wave to the amplitude of
the reflected wave, [For such a standing wave the
diffraction integral becomes

b
A(0) = (leiet f cxp[ i[ul.\'-i-z' sin (w*!— k*x)
n

-}-(r) sin (w*1+k"’.\')] '1/.1'. (4)
i

PR, Mertens, Z, Physik 160, 201 (1969,

945




946 B, D, COOK
Using the identity
pib sinl— Z .]r(b)ﬂid, (5)

where J, is the rth order Bessel F'unction, Eq. (4) upon
integration gives

A(0) == ZCr"“‘(ZL J(v)d, ( )L\p[1(r+s)w*lj
XAsin[ul4- (s— ) )D} /[0el 4 (s— r)k*]) .

To normalize, it is assumed that the light amplitude
al 6==0 equals unity for v=0; thus onc finds C=1/2D,
Let n=r—s, and then Fq. (6) hecomes

lm)z;z/amu"()u"

><cxp{1'[(2r—n)w*+$]l}, )
W= sin(ul—nk*)D/ (el —nk*) D, (8)

Ior ideal difiraction, D-»> =, 1, then has nonzero
values only for

where

wl—nk*=0, )
which means that light occurs only at angles given by
sing=sn/A¥, (10)

Thus the light is diffracted into discrete orders of
amplitude A, given by

w 9
th= 3 J.(o)J, "(d) exp{if Qr—n)w*+w]}. (1)

P

‘The interpretation given to Eq. (11) is that the light
in the orders has undergone different amounts of
Doppler shift. For ultrasound of frequency »* and

1.0

.8
8WR=| SWR=15

. 8

e

.2

1 1 l l 1
[ ] 3 5 4
’ i SWR=2 f WR =
116, 1. Theoretical average hght mtensities in the

oo orders for different SWR,
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SWR=|

SWR=15

1, 2. Theoretical average light intensitics in the
first orders for different SWR,

incident light of frequency », the ath o der contains
light of frequencies »4(2r—au)v* with amplitudes
Jo(@)J: a(v/a), where r takes on all integral values,
positive and negative, The amplitude of these non-
coherent components of the light in each order depends
on the SWR while the actual frequency shift does not.
The time-dependent intensity in the ath order is

Thw=Aud,*

£ 2o (Yo ()

Xexp[2(r—pl*] (12)

and the time average light intensity is

w T
e & s (7).
re s a

Equation (13) reduces to the Raman and Nath results
for both progressive and stationary waves, For pro-
gressive waves (¢ — « ), the light in the ath order is
of a single frequency p-nv*. The cxpressions for the
time-dependent  and  average light  intensitics are
identical. They are given by

1= in:-/n'l("')

(13)

(14)

* Tronl0) =8, (15)

For stationary waves the time-dependent light intensity
is expressed in a more convenient form if one writes
for the phase grating

as

v(x,0) = 2v cosw*l sink*x,

10)

After integrating and normalizing as above, the time-
dependent light intensity becomes

To= 1,220 cosw*l). (17)




DIFFRACTION OF LIGHT
From Lq. (13) or by téking the time average of Eqg.
(17) one finds that the time average light intensity for
a stationary wave is

]

L=3 Ja(0)J. (@),

r=—w

(18)

"The time dependence of Eq. (17) follows from Eq. (14)
if onc considers the grating model. IFor a progressive
wave the grating is translating in its own plane.
Translation of an infinite grating does not change the
light distribution in the diffracted orders. For a
stationary wave one may consider the grating fixed
in space and the magnitude of the phase variation to
be sinusoidal in time, Thus the light intensities of the
orders vary in time as the magnitude of the phase
grating varies,

Squations (17) and (18) are the same as those
given by Raman and Nath!? except that the equations
of Raman and Nath have jv rather than » as the

.8 .
n y
SWR=) SWRs15
L, I
i J /\—\4
0! / ! . :‘ ] I S
[] 4 0 1 2 3 4 & 6
. v .8 v
4 SWRs2 #
3 3
1 A

W
0/|\’\4L 0

P
0!l 2 3 4 8 ¢ 0 1 2 3 4 6 86
v v
11, 3. Theoretical average lght intensities in the
second orders for different SWR.

argument of the Bessel functions. This difference
arises because the Raman and Nath ¢ refers to the
maximum amplitude in the stationary wave, whereas,
the v in Eqs. (17) and (18) refers 1o the amplitude of
the separate opposite-directed waves.

Figures 1- 4 show theoretical curves for the average
light intensitics in the zero, first, second, and third
orders, respectively, for various standing wave ratios.
Ouly for progressive waves do the minimums of the
light intensities become zeros.

EXPERIMENTAL ARRANGEMENT

An optical phase grating corresponding to that of
an ultrasonic standing wave is produced with adjacent
progressive waves traveling in opposite  directions.
"T'he uptical axis intercepts both sound beams normally.
The arrangement of {wo wdjacent sound beams s
used because in this way the SWR can be readily

*N. S Nath, Akust. 2.4, 203 (10303,

t
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& S
4 *
SWRs| 3H‘ SWR=LS
P r‘.z-
o N d
Tt 5.4 66 % 1 2z 3. 4566
5 v 3t v
&4 Kl
SWR=2 SWR=00
3 3
T’.z Ty
o il
%1y 4t 6 %z 4 6 6
v v
116, 4. Theoretical average light intensitics in the
third orders for different SWR,
determined by optical means. For a certain applied
rf potential to the transducers, the v value of each
sound may be determined individually from Eq, (14)
if the other {ransducer is placed such that its sound
beam does not cross the optical path, The two pro-
gressive waves are obtained by climinating reflections
in a specially designed tank. This tank is a modification

on the one described by Hargrove, Zankel, and
Hiedemann.' ‘The sound traveling in ecach direction
is absorbed by a castor oil termination,

A schematic diagram is shown in g, 5. The mercury
light source illuminates the slit SL. The collimated
beam produced by lens Ly is normal to both sound
beams, The light intensities of the diffracted orders are
measured by a photomultiplicr.

Two air-backed quartz transducers ave driven by o
crystal-controlled 500-w transmitter. The transducers
are 1 in, sq. The relative ultrasonic output of the
transducer is controlled with @ variable inductance
used as an impedance match between transmitier and
the transducers.

The average light intensity is mceasured with a
microphotometer photomultiplier. For time-dependent
measurements the output signal of the photomultiplier

TRANSDUCER
< O
] FHOTOMULTIPLIER
8 L, S Ly L3

SOUND ABSORBER
16, 8, Schematic diagram of experimental apparatus.

"o B Vagrove, Ko L Zaskel, and BN Hicdemann, J.
Acoust. Soc. Am. 31, 1300 (19539,
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is amplified by two wide-band amplifiers in cascade
and displayed on an oscilioscope.

To avoid finite amplitude effects the measurements
arc made at low intensities and close to the transducers,
All measurements are made in water at room temper-
ature at the frequency of 1 Mc,

EXPERIMENTAL OBSERVATIONS

Figure 6 shows experimental values and theoretical
curves for three orders at SWR=2, Within experi-
mental accuracy the orders are symmetric about the
zero order. The agreement between theory and experi-
ment is best at small v values, At higher ¢ values the
deviations are probably caused by the fact that the
theory assumes that the light is diffracted simul-
taneously by the two beams while the experimental
arrangement is such that it is diffracted first by onc
beam, then by the other, Using the reasoning of
Mertens,® one would expect higher discrepancies at
higher v values for successive diffraction as the light
may be bent significantly by the first beam.

The shape of oscilloscope traces representing the
time-dependent intensities are similar to the curves
predicied by Eqs. (12) and (17). Maximum modulation
is observed to occur when SWR=1.

MODULATION STROBOSCOPES

As the maximum time-dependent modulation occurs
when SWR=1 the diffracted orders caused by the
stationary waves are used extensively as sources of
modulated light especially in stroboscopes. The zero
order provides two pulses of light per period of ultra-
sound. This pulbc widlh is dependent on the parameter
v as shown in Fig. 7. In gencral the pulse width de-
creases as the pammetcr v is increased; however,
satellite pulses occur at v greater than thrcc.

Ifigure 7 also shows the time-cdependent light intensity

i)

& . $WRs2
3 WATER
T,
2 F=lOMC,
’ /\"\ EXP. oo os
1 1 1 1 i
o 1 2 3v 4 3 6 THEOR.—

Fici. 6. Experimental and theoretical light intensities of the
auro, first, and sceond orders for SWR =2,

B. D. COOK AND E., A.

HIEDEMANN

1,0 19
8 8
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loa Ia
2 .2
o

‘w2 o “}['2 [ 8/2 -IIZ [ “’12 1 312

Vsl.25 V3.0 .
.8 ]
- “
II 2 [l.
oO u/a2 o’ﬂ 3o/g 2 ﬂ /2 2m

F1¢, 7, Theoretical time dependent light intensities of the zera
and first orders for a stationary wave of =125 and #=3.0.

for the first order for two values of #. It is evident from
Eq. (17) that the orders higher than the first will also
exhibit time-dependence similar to that of the first
order. ‘l'he modulation of these less-intense higher
orders is not as suitable for stroboscopic use as the
zero order,

Equation (12) gives the harmonic structure of the
magnitude of the light intensities of the diffracted
orders for any SWR. From this equation it is scen
that the fundamental frequency of light modulation is
2v* for all finite SWR. For all finite SWR<1, the
diffracted orders arc not completely modulated but cach
has residual light which does not undergo modulation,

SUMMARY «

Expressions for the diffraction of light by plane
ultrasonic waves of various standing wave ratios are
derived using the method of Raman and Nath. This
method consists of evalunting a diffraction integral
for an optical phase grating. The expressions for the
light intensity of the diffraction spectrum reduce 1o
those given by Raman and Nath for progressive and
stationary waves.

The light intensities in the diffracted orders arc
found to be time dependent for standing waves with
finite standing wave ratio (SWR). In application to
diffraction type stroboscopes, the amount of light
modulation in the diffracted orders can now he
determined for various SWR,

It is theoretically shown that the magnitudes of
noncoherent components resulling from Doppler shift
depend on the SWR. Further, for finite SWR, the
frequency shift is found to be independent of SWR.

Measurements of time-dependent and average light
intensities indicate that the theoretical results are valid.
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EXPERINMENTAL °TUDIES OF THE "LEAST <STABLE WAVEFORM"

On provagating through 2 liauid, =an ultrasonic wave of
large ~mplitude can unfergo distortion so that the slope of its
leading edge 18 much greater than that of its trailing edge.

If such a non-symmetric wave is reflected from a2 boundary, two
extreme cases are possitle: the waveform mAy be unchanged, as in
the case of & perfectly ripld reflector, or it may be inverted,
a8 in the caseiof a perfect pressure relense reflector, For a
pressure release reflactor, the resulting waveform would have the
slope of 1ts trailing edge greater than the slope of its leading
edge, Such a waveform has been described by Fayl as the "least
stable waveform" in contrast with the more usual case of the most
stable waveform., In the lesst stoble w-veform the fundamental
hermonic componant c¢an incre~se with distance, while the higher
harmronics decrease with distancez. Thus, ~n iniltially distorted
wAave can become undistorted as it progresses, The following
experiment was designad to demonstrate the inversion of waveform
on raflection from =2 pressure rclease boundnary and this decrease
of distortion with distance,

‘ pressure relanse refl-sctor w"s cons=tructed bty stretchling
2 plastlc membrane ovar an 2ir chamber and = rigld one by mounting

an aluminum plate 80 it could be easily attached in plrce of the

presgsure rclease toundary,.
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The experiment was performed with high intensity 2 Mo
ultrasonic pulses in water., The waveform of the ultrasonic pulse
ot various distnonceeg before and after 1t had been reflected was
monitored by use of a barium titanate transducer, Since the
recziver reson~ted near the second harmonic, this harmonic was
accentuatad in the waveform dlsplayed on =n oscilloscope. Further,
the recziver raesonance cruged 2 phase shift of olmost 90° in the
gecond hermonic componant Alsplayed on tha oscilloscope. This
made 1t possible to detect very small amounts of second harmonic
by observing the "flattening" of the tottom of the oscilloscope
trace =nd the "sharpeuing" of the top. This 4is 1llustratesd in
Fig, 1. For a distorted wave such 28 that 1llustrated in (a) we
get the oseilloscope trace shown in (b) when the phnse shift of
the second hormonic 1s 90°, The inecrease of waveform distortion
with distance could te observed by wntching this type of distortion
on the scope. Since there is A phase shift of 180° in each of the
hermonics when 2 rigid reflector is used and 0° when a pressure
release reflector 1s usad, the corresponding oscilloscope traces
differed markedly from each other.

In Filg. 2 1s given A sériecs of pictures of oscilloscope
traces which show the transducer output At increasing dist~nces
from tha source, It cn be seen th2t the distortion of the wave-
form increaszs with distence. As indicnted, reflection from n
solid boumi~rv prolduced the wrveforms shown in the second row of

rictures where 1t c¢"n be scen thot the Aistortion continues to
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increnge wlth increasing distance, On the other hand, the lower
pPart of the figure shows th~t the wave on reflection from a
pressure-relense toundory is inverted; i,e. 1t 1s distorted in
the "wrong dirzction," Therefore. the distortion decreases wlth
increasing dist~nce until at a distance from the pressure-
reledase reflector 2lmost enu=l wu that batween the tronsducer

and the btouniery, the waveform is agnin essentially sinusoidal,
On progressing forther, the wave becores sinusoidal and then dis-
torte agnhin, ' .

This behavior lad us to wonfer whet the siutation would
be If we were to use sush reflecfors to set up standing waves,
using continuous wovzg Instend of pulses., We investigited these
etonding finite ~mplitudc waves by looking at the optical diffrnc-
tion effects,

One of the ransons for wanting to make this investigation
1s thot, 21lthough all of the detzils were not werked out initiclly,
the study of standing wrves by optical refraction resulted in the
first indicntion that finite ﬁmplitﬁde distortion in liquids was
lorge 2nough to producs int2reeting optical «ffects, Now, Z~nkel
hng solved the problem of tho'dirfroction of light by progressive
finite ~mplitude wnves ~nd Cook hne solved the problem of the dif-
fraction of light by a standing sinusoldnl wnve of arbltrary stand-
ing wave ratio, We, thoraefore, Aare able to use their results in
considering the Ai1ffraction of light by st nding finlitc nmplitude

waves of arbitrary stinding wave ratio, 'This problam is rather
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complicated, ~nd hrg not tesn worksd out in Aetail; howsver, having
these results using the rigid =and the przesure ra2lense boundary,
gome conclusions "bout the diffrnction of light by standing finite
amplitude waves can be mde,

Congider now what would happen if we had 2 standing wove
made up of Alstorted wavces tr&velling in opposite dlrectlong, the
distortion helng such that the leading sdges re steepest., This
is the situntion one finds wilth 1 rigid refloctor Aif the standing
wave system is otserved rncnr the roeflactor, The diffraction
pattarn proiuced by such 2 system of waves would be symmctrical;
1.,e, the positive "md negative diffraction orders will te of equal
intensity. This should ke truc for all round intensities, On
the other hnnd, the standing wave systom found when we hove n
pressure release refleetor would be the superposition of, say, A
wave golng to the right with = st-ep lending edge with a wave
going Eo th? 12ft with » stecp tralling edge, Such A system would
produce a ALffraction pattern which is asymmetricnl since the
Alstortions of the woves arc in the same dAirection., The assumption
made here tbout the etaniing wove system is strictly vnlid only
in the vicinity of the rofloctor, We, therefore, pnssed 2 beam
of light == closc 28 possibl: to the roflector and observed how the
character of tho Aiffraction bﬁttcrn chngad ag the Alst-nce he-
tween source 1nd reflector wns incrensed.

- The choracter of the entirn Aiffroction prttern can be

renlized by observing how the first 21ffr-ction order chonges with
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incrange of sound intensity ~mi comparing the experimental values
wlth whet would be =2xpected if ome hnd sinusoidnl wnves, This
comprrison wre m~de by firgt sa2tting the source ~nd reflector
within 3 cm, of e~ch other, 2t this distance, whatsver be the
reflactor, the wrves ore sinusoid~l. Therefor:, one c¢an cnlaulﬂte

the intansity of light in the Aiffraction orders from the expression

el P

]n = ,/\ : ".“.."4' ]"“(V//(( )
Y

where
va wulk
A
&s 1s indicated, the ou~ntity v is proportional to the sound pres-
sure amplitude P, which 1s proportionnl the the quartz voltage,K 18
the plezo-optic coefficliant anl L is the width of the sound beam,
Tha proportionality comstant batw-ren the ouartz voltage and v wns
found by observing thnt wh:t 2ver th: stonding wave rotio the
int2anelity of the ziro order all pass through tha common veolue of
30% of the inciA~nt intensity "t the vrlue v = 1,4, With this
¢alibration 1t 1s poselbls to compare the theoretical vaiues of
light intoensity in any ordar with the experimantal ones. “Wc look

.
nt the first order curves,

Flgy 3 shows how the light intensity in the first orders
varies with incrcosing sound prossure whem thz rigid reflactor is
ugzd, The positive "nd n:grtive orders wore of 2quil intonsity
to within experimantal crror, Th. syrmatry of the Aiffriction

prttorn 1s thus verificA, Tt will be not2d thot s the distance
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1;\\ncrensed betwaen source "nd reflactor the exparimentnl polnts
deviate wore "nd more from the theorcticAl curve, This is crused
by the fact th"t the second harmonic is incrensing., This second
harmonic Aoas not ~ffect the symﬁetry of the pnttorn, but it does
affact the intonsity. ™his, then, is not cancellation of the type
Zankecl and Mayer produced when they used two progressive finlte
amplituie waves travelling in the geme Airectlom.

On the other h-nd, the presence of second h~rwonic can
profduce nsymmetry., This is shown in Fig, 4 where we have used
pressure relenee reflcecctor., 4% 3 cm betwesen source and reflector
the second heormonic is not pracent éven for the highest amplitude
uged, As the distance increnses the sscond hormonic increnses
and thls tim> proiuces =an ~symmetry of tho patternm, This asymmetry
1s a mensure of the amount of the second harmonie present, It can
thus lead to 2 Aeterminttion of the wavaform in space., (The time
Aependence of the wrve form c¢~n be obtained from a study of the
w~y the Aiffraction pattern is mcluleted by using an ¢ photo-
multiplier, Thus, the presence of the lenst stable waveform
makes 1t possibla to use opticnl methods to determine the

waveform Alstortion of = standing finite amplituie wave,
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